Megakaryocytopoiesis is regulated by cell-cell and cell-matrix interactions, stimulatory/inhibitory cytokines, and expression of transcription factors seamlessly in a tempospatial fashion. Platelet endothelial cell adhesion molecule-1 (PECAM-1, or CD31), a member of the immunoglobulin superfamily, is a 130 kDa glycoprotein present on endothelial cells and immature and mature circulating hematopoietic cells. It is known to be a modulator of vasculogenesis, angiogenesis, endothelial cell-hematopoietic cell adhesion and signaling, bleeding time, platelet-collagen interactions, lymphocyte signaling and activation, vascular permeability, and directed migration. 1-9 PECAM-1 functions as a scaffolding for a number of adaptor, signaling, and structural proteins, including SHP-1, SHP-2, Src family kinases, STAT3 and STAT5, and ␤-and ␥-catenin. [10] [11] [12] [13] [14] [15] [16] [17] Other than exhibiting smaller than normal litter sizes, PECAM-1 null animals appear to develop normally and do not exhibit any evidence of abnormal physiology under normal baseline conditions. However, as the animals age they develop an autoimmune lupuslike syndrome 18 and, when stressed, a variety of abnormal responses are noted. Specifically, PECAM-1 null animals exhibit a prolonged bleeding time; delays in reestablishing vascular permeability barriers when challenged; persistent, robust cytokine expression following challenge; blunted angiogenesis; altered leukocyte responsiveness to selected cytokines; blunted directed migration of polymorphonuclear leukocytes; altered conductive vasodilation and dysregulation of matrix metalloprotease (MMP) expression; and impaired recovery of peripheral platelet count in immune-induced thrombocytopenia. 2, 7, 9, 13, [19] [20] [21] [22] Many of these observations, when modeled and tested in vitro, were shown to be mediated by alterations in the localizations and/or functions of selected adaptor, signaling, or cytoskeletal proteins that are known to interact with PECAM-1. 2, 8, 9, 13, 16, 20, 21, 23 Of interest is the finding that despite PECAM-1's presence in hematopoietic cells and endothelial cells, peripheral blood counts revealed normal numbers of all the mature circulating blood elements in PECAM-1 null mice. 7 However, in this report, upon examination of the bone marrow of PECAM-1 null animals we observed that CD31KO marrow was hypercellular, with excessive megakaryocytopoiesis and altered localizations of polyploid megakaryocytes. Further examination of CD31KO marrow revealed abnormal characteristics of megakaryocytic progenitors and mature CD31KO megakaryocytes, including altered megakaryocyte adhesion/migratory properties. In this report we attributed the impaired CD31KO marrow megakaryocytopoiesis to an expanded Lin Ϫ Sca-1 ϩ c-kit ϩ (LSK) hematopoietic stem cell (HSC) population, increased quiescent G 0 pool of Lin Ϫ cells, and abnormal adhesion/transmigration behaviors of mature megakaryocytes. We also present data supporting the concept that increased splenic extramedullary megakaryocytopoiesis compensates for the dysregulated bone marrow megakaryocytopoiesis in CD31KO mice, resulting in normal peripheral platelet counts.
Introduction
Megakaryocytopoiesis is regulated by cell-cell and cell-matrix interactions, stimulatory/inhibitory cytokines, and expression of transcription factors seamlessly in a tempospatial fashion. Platelet endothelial cell adhesion molecule-1 (PECAM-1, or CD31), a member of the immunoglobulin superfamily, is a 130 kDa glycoprotein present on endothelial cells and immature and mature circulating hematopoietic cells. It is known to be a modulator of vasculogenesis, angiogenesis, endothelial cell-hematopoietic cell adhesion and signaling, bleeding time, platelet-collagen interactions, lymphocyte signaling and activation, vascular permeability, and directed migration. [1] [2] [3] [4] [5] [6] [7] [8] [9] PECAM-1 functions as a scaffolding for a number of adaptor, signaling, and structural proteins, including SHP-1, SHP-2, Src family kinases, STAT3 and STAT5, and ␤-and ␥-catenin. [10] [11] [12] [13] [14] [15] [16] [17] Other than exhibiting smaller than normal litter sizes, PECAM-1 null animals appear to develop normally and do not exhibit any evidence of abnormal physiology under normal baseline conditions. However, as the animals age they develop an autoimmune lupuslike syndrome 18 and, when stressed, a variety of abnormal responses are noted. Specifically, PECAM-1 null animals exhibit a prolonged bleeding time; delays in reestablishing vascular permeability barriers when challenged; persistent, robust cytokine expression following challenge; blunted angiogenesis; altered leukocyte responsiveness to selected cytokines; blunted directed migration of polymorphonuclear leukocytes; altered conductive vasodilation and dysregulation of matrix metalloprotease (MMP) expression; and impaired recovery of peripheral platelet count in immune-induced thrombocytopenia. 2, 7, 9, 13, [19] [20] [21] [22] Many of these observations, when modeled and tested in vitro, were shown to be mediated by alterations in the localizations and/or functions of selected adaptor, signaling, or cytoskeletal proteins that are known to interact with PECAM-1. 2, 8, 9, 13, 16, 20, 21, 23 Of interest is the finding that despite PECAM-1's presence in hematopoietic cells and endothelial cells, peripheral blood counts revealed normal numbers of all the mature circulating blood elements in PECAM-1 null mice. 7 However, in this report, upon examination of the bone marrow of PECAM-1 null animals we observed that CD31KO marrow was hypercellular, with excessive megakaryocytopoiesis and altered localizations of polyploid megakaryocytes. Further examination of CD31KO marrow revealed abnormal characteristics of megakaryocytic progenitors and mature CD31KO megakaryocytes, including altered megakaryocyte adhesion/migratory properties. In this report we attributed the impaired CD31KO marrow megakaryocytopoiesis to an expanded Lin Ϫ Sca-1 ϩ c-kit ϩ (LSK) hematopoietic stem cell (HSC) population, increased quiescent G 0 pool of Lin Ϫ cells, and abnormal adhesion/transmigration behaviors of mature megakaryocytes. We also present data supporting the concept that increased splenic extramedullary megakaryocytopoiesis compensates for the dysregulated bone marrow megakaryocytopoiesis in CD31KO mice, resulting in normal peripheral platelet counts.
Materials and methods

Mice and bone marrow sampling
Age-and gender-matched wild-type (WT), heterozygous (Het), and CD31KO littermates and/or C57BL/6 and CD31KO mice were used in these studies. Following anesthesia and humane killing according to Yale University Animal Care-approved protocols, femurs and tibias were excised. Bone marrow (BM) cell suspensions were harvested from the diaphyses by flushing and from the epiphyses by bone crushing and mincing in PBS/2% FBS followed by filtering through a 40-m nylon strainer to remove bone debris.
Tissue section preparation
Age-matched mice were anesthetized and humanely killed according to Yale University Animal Care-approved protocols, and femur bones were dissected and immersed in 4% paraformadehyde (pH 7.4) for fixation, followed by decalcification in a 14% EDTA (pH 7.2) solution. The bones were then soaked in 70% ethanol for dehydration and sent to the Bone Histology Facility at Yale Medical School Department of Orthopedics for paraffin sectioning at 5 m thickness and hematoxylin and eosin staining performed. Spleens were fixed in 4% PFA and sent to the Research Histology Laboratory in the Department of Pathology, Yale University, for paraffin embedding, sectioning, and hematoxylin and eosin staining. The samples were then examined using a microscopy Olympus IX71 microscope equipped with objective lenses (20ϫ/0.4, 10ϫ/0.25, and 4ϫ/0.43) and a 10ϫ eyepiece, and an Optronics MicroFire camera (Olympus America, Melville, NY) and PictureFrame software (Muskogee, OK).
Quantification of megakaryocyte localization in bone marrow
Hematoxylin and eosin-stained paraffin sections were used for quantification. Observation fields with comparable densities of sinusoid vasculature (defined as sinusoidal structures with erythrocytes in their lumina) were selected from WT, Het, and CD31KO femur section slides. Total megakayocyte number was counted in each ϫ 20 observation field, and then the sinusoid vasculature-associated megakaryocytes were counted, followed by calculation of percentage.
Flow cytometric analysis
An LSRII flow cytometer (BD Sciences, San Jose, CA) was used to quantify the cell populations, cell cycle profiles, and cell apoptosis. Bone marrow mononucleated cells were harvested using NycoPrep (1.077A) gradient. To measure LSK populations, the cells were labeled with biotinylated mouse lineage panel antibodies (BD Pharmingen, San Diego, CA) followed by PerCP-conjugated streptavidin (BD Pharmingen) and stem cell markers Sca-1 (PE conjugated) and c-kit (APC conjugated) (BD Pharmingen). A lineage-negative (Lin Ϫ ) population was gated for further analysis of stem cell phenotype (Sca ϩ , c-kit ϩ , Lin Ϫ ). To measure cell cycle profile, cells were stained with lineage panel antibodies, incubated with 5 g/mL DNA dye Hoechst 33342 for exactly 90 minutes at 37°C and 1 g/mL RNA dye Pyronin Y for 45 minutes. The gated Lin Ϫ /Hoechst Low population was analyzed for the ratio of Pyronin Y low (quiescent G 0 ) versus Pyronin Y high (G 1 ). To detect apoptotic cells, Lin Ϫ , c-kit ϩ cells were stained with annexin V (BD Pharmingen) and propidium iodide (BD Pharmingen). Cells excluding propidium iodide but binding annexin V were considered apoptotic. To analyze CD41a ϩ cell percentage, marrow cells, spleen cells, or peripheral blood cells were stained with PE-conjugated CD41a antibody (BD Pharmingen). For determination of integrin profiles and CXCR4 expression levels, marrow cells were stained with PE-conjugated CD41a antibody as well as FITC-conjugated antibodies to either integrin panels (␤1, ␤ 3, ␣5, or ␣V) or CXCR4 (BD Pharmingen). CD41a ϩ cells were then gated for expression levels of integrins or CXCR4. Isotype and unstained control antibodies were used in each experiment.
Short-term colony formation unit assay
Bone marrow cells were harvested from murine femurs and incubated with E-lyse buffer (8.3 g/L NH 4 Cl, 37 mg/L EDTA, 1 g/L KHCO 3 ) at room temperature for 5 minutes to lyse erythrocytes. The cells were then washed once with PBS and resuspended in Iscove MDM (IMDM). A total of 5 ϫ 10 4 cells were used in each colony-forming unit (CFU)/Meg-CFU assay. CFU and Meg-CFU assays were performed according to the manufacturer's protocols (MethoCult M3234 methylcellulose medium and MegaCult-C collagen medium; Stem Cell Technologies, Vancouver, BC, Canada). A total of 50 ng/mL Tpo (or 50 ng/mL SCF), 50 ng/mL IL-11, 10 ng/mL IL-3, and 20 ng/mL IL-6 (Peprotech, Rocky Hill, NJ) were used in these assays. The cultures were in 37°C incubator for 6 to 8 days. Colonies containing more than 10 cells under ϫ 20 objective were scored as CFUs, and colonies containing more than 3 megakaryocytes under ϫ 20 objective were considered Meg-CFUs (megakaryocytes were identified by acetylcholinesterase staining according to manufacturer's protocol). To confirm the effects of PECAM-1 deficiency on progenitor cell CFU capabilities WT mononuclear cell populations were stained with c-kit and CD31 antibodies and then fluorescence-activated cell sorter (FACS) sorted into WT CD31 ϩ , c-kit ϩ and WT CD31 Ϫ , and c-kit ϩ subpopulations. Due to the low viability of sorted cells, 10 000 cells were used as input for CFU assays of WT CD31 ϩ , c-kit ϩ , WT CD31 Ϫ , c-kit ϩ cells, as well as FACS-sorted c-kit ϩ cells from CD31KO mice (CD31KO c-kit ϩ ).
CD41a ؉ cell FACS sorting
Bone marrow mononucleated cells were stained with FITC-conjugated anti-CD41a (BD Pharmingen) followed by isolation of CD41a ϩ cells on a FACS sorter (BD FACSVantage SE, BD Sciences, San Jose, CA).
Cell adhesion and transmigration assays
The cell transmigration studies were performed according to published methods. 24 Transwell chambers (5 M pore size) were covered with a monolayer of murine lung microvascular endothelial cells 9 or BM stromal cells (M2-10B4, ATCC cell lines; American Type Culture Collection, Manassas, VA). FACS-sorted CD41a ϩ cells were added to the upper chamber with SDF-1 at various dosage in serum-free IMDM placed in the lower chamber. After 4 hours, the CD41a ϩ cells were collected in the lower chamber (transmigrated cells) and upper chamber (unadhered cells) for quantification. The adherent cell number on endothelial cells was further determined by subtracting the transmigrated cell number and nonadherent cell number from total input cell number. For adhesion assays, the sorted CD41a ϩ cells were added to the multiwell plates coated with either fibronectin (10 g/mL) 24 or VCAM-1 (10 g/mL) 24 in the presence or absence of FGF4 (100 ng/mL). After 2 hours, the number of attached CD41a ϩ cells was counted.
Splenectomy
Splenectomy was performed on age-matched WT and CD31KO mice according to a published procedure. 25 
Serum and plasma Tpo concentration measurement
Quantikine Murine Tpo Immuonassay Kit (R&D Systems, Minneapolis, MN) was used to quantify Tpo concentration in harvested sera.
Peripheral murine blood platelet counting
Mice were anesthetized with ketamine/xylazine followed by retro-orbital sinus bleeding (approximately 200 L) using heparinized 100 Pasteur pipettes. The blood was evacuated into heparinized tubes and immediately mixed with 100 L of 20 mM EDTA/PBS buffer to prevent clot formation. The blood sample was then incubated with 2 L CD16/CD32 Fc blockers for 5 minutes on ice, followed by staining with PE-conjugated CD41a and FITC-conjugated CD42d antibodies for 20 minutes. After 2 washes and spins (7500 rpm [5900g] for 10 minutes), the samples were fixed with 1% PFA and used for FACS analyses. Logarithmic amplifications for forward scatter (FSC) and side scatter (SSC) gains were selected to identify a CD41a ϩ , CD42d ϩ population. Gated CD41a ϩ , CD42d ϩ population events were recorded.
Bleeding time
Bleeding times were assessed as described. 7 Deep anesthesia was induced with Ketaset. The mice were then secured into a tabletop holder with their tails taped downward and perpendicular to their bodies. After being pulled through a 1.5-mm-diameter template, the tails were transected with ascalpel blade and bled onto a Whatman filter paper. The filter was dabbed to the wound every 30 seconds without disrupting the forming clot. Any blood dripping during the 30-second intervals was allowed to drop freely onto the filter. The experiment was continued until bleeding stopped completely (wild type). The bleeding of PECAM-1-deficient animals was stopped by cauterization at 20 minutes to prevent hypovolemic shock.
Statistics
Statistical significance was determined by 1-way analysis of variance (ANOVA) with the Fisher multiple comparison test and N-way ANOVA using Statview (Cary, NC). All data are expressed as mean SD, and differences are considered significant at a value of P less than .05.
Results
Bone marrow of PECAM-1 null mice exhibits increased megakaryocyte numbers and altered marrow localizations
Counting femoral bone marrow megakaryocytes from CD31KO, Het, and wild-type (WT) littermates revealed significant increases in CD31KO megakaryocyte numbers compared with WT and Het littermates ( Figure 1A ). In addition, the percent of CD41a ϩ cells was increased in BM harvested from CD31KO femurs compared with WT specimens ( Figure 1B ) despite essentially identical plasma and serum TPO levels ( Figure 1C ). This was confirmed using the offspring of Het ϫ Het litters, with CD31KO offspring exhibiting 19.3% Ϯ 1.6% CD41a ϩ cells, while Het and WT littermates exhibited 8.4% Ϯ 0.9% and 9.8% Ϯ 1.6% CD41a ϩ cells, respectively. Further, in additional littermate studies, the ratios of megakaryocytes associated with marrow sinusoid microvasculature and stromal compartments were noted to be distinct in CD31KO femurs when compared with WT and Het marrows, exhibiting a 1:4 vascular-stromal compartment prevalence, while the Het and WT marrows exhibited a 2:1 vascular-stromal compartment prevalence ( Figure 1D-H) . Figure 2E ). However, cell apoptosis was not affected, as evidenced by annexin V staining ( Figure 2F ), and cell cycle kinetics were not perturbed, because percent BrdU incorporation kinetics in WT and CD31KO LSK cells was similar when assessed at 3 hours (WT, 2.54%, versus CD31KO, 3.05%; P ϭ .12, n ϭ 3) and 6 days (WT, 57.1%, versus CD31KO, 55.2%; P ϭ .29, n ϭ 3) after BrdU in vivo injection.
PECAM-1 null early hematopoietic precursors exhibit increased numbers and more cells in quiescent G
PECAM-1 null marrow exhibits fewer functional megakaryocytic progenitor colonies in short-term CFU assay
To quantitate the functional progenitor cells, methylcellulose CFU assays for total marrow progenitors and acetylcholine esterasepositive colony-forming unit (CFU-MK) assays for megakaryocytic progenitors were performed. Significantly lower numbers of CFUs ( Figure 3A ) and Meg-CFUs ( Figure 3B ) derived from whole marrow cells were observed in CD31KO marrow compared with cells derived from WT or Het animals.
To determine whether the presence of CD31 on hematopoietic progenitor cells affects cell functions, WT bone marrow cells were used as a source to isolate PECAM-1 ϩ (CD31 ϩ c-kit ϩ WT cells) and PECAM-1 Ϫ (CD31 ؊ c-kit ϩ WT cells) progenitor populations for CFU assays. FACS-sorted CD31 ؊ c-kit ϩ WT cells demonstrated significantly fewer CFUs compared with that of CD31 ؉ c-kit ϩ WT progenitors ( Figure 3C ). The significant CFU number difference noted between CD31 ؊ c-kit ϩ WT progenitors and c-kit ϩ progenitors derived from CD31KO marrow (c-kit ϩ CD31KO cells) was due to the unequivalent progenitor pool sizes ( Figure 3C ).
PECAM-1 null megakaryocytes exhibit abnormal adherence behavior and decreased motility
Because the homing/residency/migration of megakaryocyte progenitors is essential for marrow megakaryocytopoiesis, we examined the adhesive and migratory behaviors of CD41a ϩ cells derived from WT and CD31KO marrow in vitro. Adherence to fibronectin and VCAM-1 was assessed in the absence and presence of FGF4, a chemokine known to induce megakaryocyte adhesion. 26 The CD31KO CD41a ϩ cells showed a significantly increased basal level of adherence to fibronectin, exhibiting a 5-fold increase compared with WT control and 2-fold increase compared with FGF4-induced WT adherence. This adherence was FGF4 noninducible in the CD31KO cells ( Figure 4A ). The integrin expression profiles of WT and CD31KO CD41a ϩ cells were compared. As illustrated in Figure 4B , the expression profiles of ␤1, ␤3, ␣5, and ␣V integrins of WT and CD31KO megakaryocytes were essentially superimposable.
SDF-1 is a chemokine used to induce megakaryocyte motility. 26 In studies using littermates, CD31KO CD41a ϩ cells showed no appreciable SDF-1-induced transmigration through stromal cell monolayers in contrast with the increased transmigration observed in WT and Het littermate-derived cells driven by SDF-1 ( Figure 4C ). The impaired migration of CD41a ϩ cells appears not to be due to altered CXCR4 (SDF-1 receptor) expression levels. As illustrated in Figure 4D , the CXCR4 expression profiles of WT CD41 ϩ and CD31KO CD41a ϩ cells were found to be essentially superimposable when examined by FACS analysis ( Figure 4D) .
Interestingly, the enhanced adherence noted in CD31KO CD41a ϩ cells when plated on a fibronectin substratum ( Figure 4A ) was not observed when CD31KO CD41a ϩ cells were incubated with endothelial cell monolayers. Further, FGF4-induced adherence of WT CD41a ϩ cells to endothelial cell monolayers was impaired in CD31KO CD41a ϩ cells ( Figure 4E ). Additionally, while both CD31KO and WT CD41a ϩ cells exhibited SDF-1-induced transmigration through endothelial cell monolayers, the CD31KO CD41a ϩ cells exhibited an overall attenuated transmigration at the higher SDF-1 dosage (400 ng/mL) ( Figure 4F ).
Excessive splenic extramedullary megakaryocytopoiesis compensates for impaired bone marrow megakaryocytopoiesis, resulting in normal peripheral platelet number
In previous studies we demonstrated that the peripheral platelet counts of CD31KO mice were indistinguishable from those of WT C57BL6 mice. 7 To address this apparent discrepancy between peripheral platelet counts and megakaryocyte behaviors, we assessed the potential contributions of splenic megakaryocytopoiesis in WT, Het, and CD31KO littermates ( Figure 5 ). Histologic analyses demonstrated that in WT spleen sections only an occasional (approximately 1) morphologically mature megakaryocyte was identified in each ϫ 20 observation field while in knockout (KO) spleens appreciably more (5 or 6) megakaryocytes were observed in each field (Figure 5A-D) . The percentage of splenic megakaryocytic CD41a ϩ cells identified by FACS analyses was significantly increased in CD31KO spleens compared with that found in Het and WT littermate spleens ( Figure 5E ).
PECAM-1 REGULATES MEGAKARYOCYTOPOIESIS 853
BLOOD, 1 AUGUST 2007 ⅐ VOLUME 110, NUMBER 3
For personal use only. on June 13, 2017. by guest www.bloodjournal.org From
Splenectomy of WT and CD31 KO mice reveals the spleen as an important contributor of megakaryocytopoiesis in CD31KO mice
The increased number of CD41a ϩ cells in the CD31KO spleens is consistent with the notion that the CD31KO spleens are functioning as a major site of megakaryocytopoiesis. To test this hypothesis we performed splenectomies on WT and CD31KO mice and determined peripheral platelet counts over a 70-day period. As illustrated in Figure 5F , WT and CD31KO peripheral blood showed similar platelet numbers prior to splenectomy. Following splenectomy, WT platelet counts were observed to increase at day 5, followed by a slight decrease between days 12 and 26 and subsequently increase until sacrifice at day 70, with platelet For personal use only. on June 13, 2017. by guest www.bloodjournal.org From number exceeding that prior to splenectomy. In contrast, at days 12 through 70 following splenectomy the CD31KO mice exhibited significantly decreased platelet counts, and the platelet number never recovered to presplenectomy levels or the levels in their WT counterparts ( Figure 5F ). In addition, hematoxylin and eosin staining of liver sections harvested from postsplenectomized WT and CD31KO mice showed no appreciable extramedullary hematopoiesis throughout the course of the study (data not shown).
Bleeding times of splenectomized CD31KO mice were prolonged compared with those of splenectomized WT mice Forty days after splenectomy the bleeding times of age-matched WT and CD31KO mice were assessed. As observed in our previous study, 7 the bleeding times of the CD31KO mice were similarly prolonged compared with the WT mice (data not shown). Moreover, the bleeding time of postsplenectomy mice was prolonged compared with that of unsplenectomized control KO mice (810 seconds versus 600 seconds). In addition, the CD31KO mice exhibited significantly more blood loss during each time point taken compared with the WT mice ( Figure 5G ).
Discussion
The data presented here demonstrated novel roles of PECAM-1 (CD31) in regulating megakaryocytopoiesis. In addition to its effects on megakaryocytopoiesis, PECAM-1 deficiency has been found to also affect B lymphocyte development and is associated with reduced B lymphocyte numbers in the spleen, resulting in disordered lymphocyte function leading to the development of autoimmune disease. 27 In this paper we focused on the impacts exerted by PECAM-1 deficiency on megakaryocytopoieis, which spans several developmental stages. Earlier at the progenitor stage, an expanded LSK population was observed in CD31KO BM littermates. Further, an increased fraction of the CD31KO Lin Ϫ population is arrested in quiescent G 0 phase, which is consistent with decreased CFU colony number derived from short-term (6-to 8-day culture) assay of CD31KO marrow cells and the slower recovery rate of CD31KO bone marrow after 5-FU (Fluorouracil) treatment (a procedure to ablate proliferating cells and enrich progenitor cells). In addition, a similar cell apoptosis rate, as evidenced by annexin V-positive, Propidium Iodide (PI)-negative staining, was observed in both WT and CD31KO marrow Lin Ϫ cells. Thus, most likely the expanded LSK population in CD31KO marrow is due to increased G 0 quiescent cell pool, in which most primitive hematopoietic progenitor cells remain. 28, 29 The abnormal characteristics of CD31KO stem cells, such as the increased G 0 phase population and LSK population and decreased short-term colony-forming potential, may also be caused by a microenvironmental effect rather than only by a stem cell-autonomous effect, which will be pursued in future studies.
During megakaryocytopoiesis, the progenitors migrate from the stromal cell niche to sinusoidal vasculature accompanied by differentiation and maturation ( Figure 6 ). This complex dynamic process involves multiple adhesion and transmigration events regulated by several chemokines, including Tpo and SDF-1. Our data suggest that CD31KO immature megakaryocytes have a greater basal level adhesion on fibronectin, which suggested that CD31KO cells may exhibit altered expression and/or activation levels of adhesion receptors (because CD31 is known to affect integrin behavior 5, 30 ). Our FACS analyses of integrin expression revealed near identical levels of ␤1, ␤ 3, ␣5, and ␣V integrins of WT and CD31 KO megakaryocytes. Thus, while expression levels are similar, affinity, avidity, and downstream signaling may be different, causing the observed changes in adhesion/transmigration. This altered adhesion may affect the egress of CD31KO progenitor cells from the stromal cell niche to the vascular niche ( Figure 5) . Further, the impaired FGF4-induced adhesion of CD41a ϩ CD31KO cells with endothelial monolayers indicates that the CD31KO cells may have defects in maintaining vascular residency in marrow. Finally, the decreased CD31KO CD41a ϩ cell transmigration rates through stromal and endothelial cell monolayers may reflect the relative inability of CD31KO cells in leaving the stromal niche and homing to the marrow vasculature during differentiation and maturation. This suggests that CD31KO cells may exhibit altered expression and/or activation levels of CXCR4. However, similar to our integrin expression data, FACS analyses revealed CXCR4 levels to be near identical on WT and CD31KO megakaryocytes. Again, the differences in migration could be explained by differences in downstream signaling and/or differences in the cells' ability to organize their cytoskeletons. Ongoing biochemical studies reveal that the actin crosslinker moesin 31 is not stabilized in the cytoskeleton pool in the absence of CD31 (unpublished observations, January 2006), which was similar to our findings in PECAM-1 null neutrophils. 21 Although the observed abnormal megakaryocytosis in CD31KO marrow may be due to a combinatorial effect of both marrow microenvironment and intrinsic cell defects, the loss of CD31's scaffolding and signaling functions in both hematopoietic precursor cells and endothelial cells serves as a reasonable explanation of both. SHP-1 has been demonstrated to be expressed exclusively on hematopoietic cells, and SHP-1 activation is essential for hematopoietic development. 32 CD31-induced SHP-1 recruitment may activate SHP-1 in hematopoietic cells, because we observed that CD31KO neutrophils exhibit decreased SHP-1 activity. 21 Therefore, in the absence of CD31-SHP1 signaling, Tpo/SDF-1-induced megakaryocyte signaling cascades may be perturbed.
A recent paper published by Dhanjal et al 22 reported similar numbers of CD41a ϩ cells in WT and CD31KO BM sections and similar proportions of CD41a ϩ cells localized to BM microvessels (identified by endoglin staining) by analyzing microscopic observation fields. The inconsistency between their data and our observations may be due to different methods of analysis. Namely, 1 we used hematoxylin and eosin staining to identify mature megakaryocytes with typical morphologic characteristics, while Dhahjel et al 22 used CD41a ϩ staining that theoretically comprises immature progenitor cells as well as mature megakaryocytes. 2 Similarly, we used hematoxylin and eosin staining to demonstrate mature megakaryocyte localization rather than the localizations of all megakaryocytic cells shown by Dhanjal et al. 22 Interestingly, despite the perturbed megakaryocytopoieis in CD31KO BM, both serum and plasma Tpo levels and peripheral blood platelet numbers were in the normal range in CD31KO mice. There is an expanded hematopoietic LSK population and corresponding increased quiescent G0 phase Lin Ϫ cell pool in CD31KO marrow. Later, in the absence of CD31, immature megakaryocytes exhibit defects in translocating from the stromal cell niche to the vascular niche, which leads to the accumulation of megakaryocytes in BM. Although the short-term CFU assay suggests decreased functional progenitor cell (progenitor cells with short-term reconstituting capabilities, which represent relatively active cells) number in CD31KO BM, total CD41a ϩ cells and mature megakaryocytes were increased, which could be the combinatory effect of increased megakaryocytic progenitor cell number (most of them presumed to be quiescent cells with long-term reconstituting capabilities) and migration defects of megakaryocytes in CD31KO BM. Despite the reduction in platelet release caused by the decreased of association between CD31KO megakaryocytes and marrow sinusoidal vasculature, extramedullary splenic megakaryocytopoiesis is enhanced to generate a normal peripheral blood platelet number.
Presumably, there exists a compensatory extramedullary megakaryocytopoietic pathway in CD31KO mice. Investigations revealed that in CD31KO spleens CD41a ϩ cells were increased 2-fold compared with WT and Het littermates as evidenced by an increased percentage of megakaryocytes determined by FACS analyses and significantly more megakaryocytes observed microscopically. These findings-coupled with the fact that splenic sinusoid vasculature is discontinuous, 33 likely providing easy access of platelets to the vasculature, while murine bone marrow microvasculature is thought to be continuous 34 and possibly more restrictive-would result in normal peripheral platelet counts in CD31KO mice. Thus, it is hypothesized that increased KO spleen megakaryocytopoieis contributes to the hematostasis of platelets in peripheral blood ( Figure  6 ). This concept was confirmed by our findings that splenectomy of CD31KO mice resulted in a significant reduction in the peripheral platelet counts. The exact mechanisms involved in the increased megakarycotye splenic homing and/or residency observed in the CD31KO mice remain unknown and a topic of future investigation. However, spleen CFU assays have revealed that the CD31KO splenic hematopoietic progenitor cells have differential differentiation capacity compared with that of WT progenitor cells, with more cells exhibiting the multilobed nuclear morphology (data not shown).
In summary, we have identified novel roles of PECAM-1 in modulating megakarycytopoiesis in a hierarchic manner, with PECAM-1 having multiple regulatory effects on megakaryocytes and their progenitors ( Figure 6 ).
